Prior work suggests blood pressure in African Americans is more sensitive to the effects of aldosterone than in Caucasians. This mechanism may relate to a negative response of the vascular endothelium to aldosterone, including reduced glucose-6-phosphate dehydrogenase (G6PD) activity. Thirty-three African Americans (11 hypertensives, 22 controls) without evidence of diabetes or metabolic syndrome completed the protocol. The protocol included measurement of in vivo microvascular endothelial function by digital pulse arterial tonometry and ex vivo measurement of endothelial function by videomicroscopy of arterioles obtained from these same subjects with and without exposure to aldosterone or spironolactone. Systemic and arteriolar G6PD activities were also measured. In vivo and ex vivo microvascular endothelial function were impaired in African Americans with hypertension. One-hour exposure with aldosterone impaired endothelium-dependent vasodilation in arterioles from normotensive subjects, while 1 hour of spironolactone exposure reversed endothelial dysfunction in arterioles from hypertensive subjects. G6PD activity was impaired in hypertensive arterioles. Aldosterone-related endothelial dysfunction may be responsible for at least a portion of the greater blood pressure sensitivity to aldosterone in African Americans. This may be in part related to vascular suppression of G6PD activity.
Introduction
Approximately 65 million Americans are hypertensive and African Americans (AAs) suffer disproportionately from the cardiovascular complications of this disease, which include coronary artery disease, heart failure, stroke, and renal failure. [1] [2] [3] [4] Hypertension also occurs earlier in life and with greater severity in AAs. 5, 6 While the biological underpinnings of this difference remain elusive, growing evidence suggests increased sensitivity to circulating aldosterone importantly contributes to an increased incidence of hypertension and its complications in AAs. [7] [8] [9] [10] Individuals exposed to excessive systemic aldosterone have endothelial dysfunction, [11] [12] [13] and heightened aldosterone sensitivity in AAs may drive the development of hypertension through endothelial damage. 14 Multiple studies have evaluated endothelial function in AAs with and without hypertension. [15] [16] [17] [18] [19] [20] The majority of the studies demonstrate impaired endothelial function in normotensive AAs and hypertensive AAs. Aldosterone may induce endothelial dysfunction through increased oxidative stress through multiple pathways, including suppression of G6PD activity. 21 Currently, there are limited data as to the direct impact of aldosterone at a high normal physiological level on Mineralocorticoid exposure and receptor activity modulate microvascular endothelial function in African Americans with and without hypertension vascular endothelial function in AAs. There is also scant evidence regarding G6PD activity of human resistance arterioles in AAs with hypertension relative to normotensive individuals. Further, while chronic mineralocorticoid receptor antagonism improves endothelial function in the conduit vessels of patients with primary hyperaldosteronism, 12 little is known as to the direct impact of acute antagonism on endothelial function of the resistance vessels primarily responsible for controlling blood pressure. In this study, we explore these unanswered questions with both in vivo and ex vivo studies of vascular endothelial function in AA volunteers.
Methods

Subjects
The Institutional Review Board of the Medical College of Wisconsin approved the study protocol, and informed consent was obtained from all participants prior to the study procedures. AAs, as defined by having at least one grandparent of African American heritage, were eligible for enrollment. Hypertension was defined as a systolic blood pressure ⩾ 140 mmHg or diastolic blood pressure ⩾ 90 mmHg based on three averaged measurements at the time of screening or current anti-hypertensive treatment. Potential participants with a history of stroke, peripheral arterial disease, coronary artery disease, congestive heart failure, diabetes mellitus, chronic renal insufficiency, active malignancy, poorly controlled hypertension at the time of screening (systolic blood pressure ⩾ 170 mmHg and/or diastolic blood pressure ⩾ 100 mmHg), and prevalent illicit drug or alcohol abuse were excluded from participation. Individuals who met criteria for metabolic syndrome were also excluded to eliminate confounding the results of the vascular studies by prevalent metabolic syndrome. Individuals were considered to be eligible for the control group if their blood pressure was < 140/90 mmHg and they had no history of anti-hypertensive medication use.
Study protocol
Study procedures were performed in the Adult Translational Research Unit at the Medical College of Wisconsin from 7 a.m. to 10 a.m. Hypertensive subjects were instructed to withhold anti-hypertensive medications for 1 week prior to the study visit. All subjects were asked to withhold any vasoactive medications 24 hours prior to the study. Subjects fasted overnight (12 hours) prior to the study visit. A medical history as well as subject weight, height, and waist circumference were measured and recorded. Blood pressure and heart rate were measured in triplicate and averaged. Subjects laid supine in a quiet, dimmed, temperaturecontrolled (22-24°C) room for approximately 60 minutes prior to blood samples. After 60 minutes of rest, blood samples were obtained for measurement of G6PD activity, systemic markers of oxidative stress, renin activity, and aldosterone level. Participants then were instructed to stand for 20 minutes, and blood was drawn to measure plasma aldosterone level and renin activity following the 20-minute period. They were then asked to lay supine for 10 minutes, after which digital pulse arterial tonometry (DPAT) was measured.
Measurement of endothelial function
Digital pulse arterial tonometry (DPAT). DPAT represents a measurement of primarily microvascular endothelial function that is in part NO dependent. 22 Measurements were performed simultaneously with FMD measurements using the EndoPAT 2000 (Itamar Medical Ltd, Caesarea, Israel). This involves the placement of fingertip-mounted probes on the participant's index fingers that act as pneumonic cuffs allowing for measurements of digital pulse volume. The probes contain an inflatable air cushion and allow for pressure changes to be transmitted and digitalized. Cuff inflation pressure was electronically set at 70 mmHg or 10 mmHg below diastolic pressure. Baseline measurements in both index fingers were obtained for 2 minutes and 20 seconds prior to forearm cuff inflation. DPAT measurements were measured and reported in an automated fashion. DPAT is calculated as the ratio of the post-deflation pulse amplitude to the baseline pulse amplitude ratio in the arm experiencing hyperemia compared to the same ratio in the opposite (control) arm for the 90-150-second period postcuff occlusion. In test-retest studies performed on 16 subjects on 2 separate days without an intervention, our laboratory intra-class correlation coefficient for DPAT measurements is 0.75.
Endothelium-dependent vasodilation of arterioles by videomicros-
copy. Human subcutaneous arterioles were obtained by gluteal adipose pad biopsy in a sub-group of subjects as previously described. 23 Briefly, local anesthesia (1% lidocaine) was injected into the skin over the gluteal area using a sterile technique. An approximately 1-1.5 cm vertical incision was made in the upper lateral gluteal quadrant on the patient's non-dominant side to expose the gluteal subcutaneous adipose tissue. Approximately 2-2.5 cm 3 of subcutaneous adipose was removed from adipose depot overlaying the superior margin of the gluteus maximus muscle. The incision was subsequently closed using absorbable suture followed by steri-strips. The adipose tissue sample was transferred immediately into cold HEPES buffer (4°C) and immediately analyzed.
Endothelium-dependent vasodilation of arterioles dissected from the adipose samples was measured as previously described. 22 Briefly, vessels were suspended in a micro-organ chamber, with the lumen cannulated on each end by a glass pipet and maintained in warm Krebs buffer at 37°C in 21% oxygen. Vasodilation is the percentage change from baseline diameter measured following exposure to endothelin-1 preconstriction (to 50-70% of the pre-constriction diameter). The endothelial-dependent percent vasodilation was evaluated at each dose of acetylcholine (Ach) from 10 −10 to 10 −5 M. Our prior work shows endothelial-dependent vasodilation from these gluteal vessels to Ach (Sigma, St Louis, MO, USA) is approximately 95% endothelium-derived nitric oxide (NO) synthase dependent. 22 Smooth muscle reactivity was determined at the end of each Ach dose-response experiment using papaverine (0.2 mM) (Pap; 2 × 10 −4 mol/L; Sigma-Aldrich, St Louis, MO, USA). The studies were then repeated for all vessels after pretreatment for an hour with either spironolactone (10 µM) or aldosterone (20 ng/dL), a concentration known to be at the upper limit of the normal range. 10 Quantification of arteriolar G6PD activity. Arteriolar G6PD activity was measured from vessels of a sub-group of subjects who underwent gluteal adipose pad biopsy. The method for measuring G6PD activity from tissue samples was adapted for vessels from prior cell culture work. 24 Homogenated microvessels were washed twice with phosphate buffered saline (0.9%) and centrifuged at 2000 × g at 4°C for 10 minutes. Centrifuge samples were divided between two cuvettes containing buffer (50 mM Tris, 1 mM MgCl 2 , pH 8.1). Enzyme activity was determined using a plate-reader spectrophotometer by measuring the rate of increase of absorbance at 340 nm from the conversion of NADP + to NADPH by either G6PD or 6-phosphogluconate dehydrogenase (6-PGD). The rate of change in activity was measured over a 5-minute period. In one cuvette, substrate for both G6PD and 6-PGD were added (glucose-6phosphate (50 µM), 6-phosphogluconate (30 µM), and NADP + (800 µM)). To the second cuvette, only substrates for 6-PGD were added (6-phosphogluconate (30 µM) and NADP + (800 µM)). Subtracting the activity of 6-phosphogluconate dehydrogenase from the total dehydrogenase activity provided arteriolar G6PD activity. G6PD activity measurements were normalized to the protein level. Samples with < 0.1 µg of protein were excluded from the analysis. Results are reported as nmol/min/mg protein.
Quantification of superoxide production. In a small subset of vessels (n=3 hypertensives, n=2 normotensives), vascular superoxide production was measured using the chemiluminescence probe L-012. 25 Vessels were incubated with or without 10 µM of spironolactone in Hank's balanced salt solution (HBSS) buffer at room temperature for 1 hour. Vessels were then transferred to 96-well plates containing 200 µL HBSS, 10 µM NADH, and 400 µM L-012 (Wako, Richmond, VA, USA). Vessels were pre-incubated in the dark at 37°C for 10 minutes and kinetic reads taken every 60 seconds over a 10-minute interval (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). Background luminescence was subtracted, and measurements were normalized to the protein level and reported as relative light unit (RLU)/min/µg protein. Results were log transformed to assure a normal distribution of the data.
Statistical analysis
The statistical analyses were performed using R 2.13 (R Foundation for Statistical Computing, Vienna, Austria), SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA) and IBM SPSS 21.0 (IBM Corp., Armonk, NY, USA). DPAT and arteriolar G6PD activity were natural log and log transformed, respectively, to assure normal data distribution of these variables. The study was powered with DPAT as a primary outcome. Assuming a difference in mean of 0.53 and σ=0.50, 22 normotensive and 11 hypertensive subjects give 80% power to see a difference between groups at α=0.05. To account for missing data in plasma renin, plasma aldosterone, and systematic G6PD activity, we assumed that our data were missing at random and developed imputation models for these missing components. Multiple imputations (100 imputations for each outcome) were performed. Statistical analyses with these variables were applied separately for each of the imputed datasets and the results were aggregated using the methodology proposed by Little and Rubin (Statistical Analysis with Missing Data, second edition, Wiley, 2002) and implemented in the R package 'norm' (www.r-project.org). Participant baseline characteristics, in vivo measures of endothelial function and vascular stiffness, G6PD activity, standing plasma aldosterone, and both the supine and standing plasma aldosterone to renin activity ratio were expressed as mean ± SE and compared using the unpaired t-test or chi-squared test as appropriate. Ach doseresponse curves comparing normotensive subjects and hypertensive subjects, comparing vessels exposed to spironolactone with those unexposed, and comparing vessels exposed to aldosterone with those unexposed were analyzed by separate two-way mixed analyses of variance (ANOVA). Post hoc analyses at each Ach dose were performed if p<0.05 to evaluate for interaction and the overall difference between the dose and percent vasodilation. Age adjustments for measurements of endothelial function (DPAT and percent vasodilation to 10 -5 M Ach) were performed using generalized linear models. Correlations between measurements of G6PD activity, plasma aldosterone, plasma renin, and measures of endothelial function and vascular stiffness were analyzed for significance using Pearson's r or Spearman's ρ as appropriate. In vitro measurements of arteriolar vasodilation, G6PD activity, and superoxide production were not computed using multiple imputations given these data were obtained from a subset of participants by study design. P-values of <0.05 were considered statistically significant.
Results
Subject demographics
A total of 81 subjects were screened for the study. Twentyfive subjects failed to meet the inclusion criteria following screening. Nineteen individuals who met the criteria for enrollment declined participation following screening, resulting in 37 subjects who underwent in vivo vascular studies. Twenty-four subjects elected to undergo the adipose tissue biopsy available for vasoreactivity experiments. Four subjects had technically inadequate in vivo studies, leaving 33 subjects (11 hypertensive subjects, 22 normotensive controls) for analyses of in vivo data (Figure 1 ). The baseline characteristics of these 33 subjects are shown in Tables 1  and 2 . There were no significant differences between the two groups with respect to their sex, heart rate, liver function tests, lipid profile, body mass index, and fasting glucose. Hypertensive subjects were borderline significantly older than normotensive subjects by an average of 7.5 years (hypertensive 48.4±8.9, normotensive 40.9±9.7, p=0.05). Both diastolic blood pressure (hypertensive 85±27, normotensive 72±12, p=0.01), and systolic blood pressure (hypertensive 145±17, normotensive 118±14, p<0.001) were higher in hypertensive patients. There were no significant differences between the supine or standing measures of systemic aldosterone and renin levels. No subjects were on chronic mineralocorticoid inhibitor therapy. Three of the 11 hypertensive subjects were on either an ACE inhibitor or an angiotensin II receptor blocker. Two subjects were on a beta-blockade (one atenolol, one metoprolol), and one was on hydralazine. 
In vivo measurement of endothelial function
The DPAT ratio was significantly lower in hypertensive subjects compared to normotensive (1.51±0.56 vs 2.03±0.62, p=0.03) (Figure 2) . This difference remained significant following age adjustment (p=0.014).
Impact of aldosterone and spironolactone exposure on microvascular endothelial function in arterioles from subjects with and without hypertension
Normotensive and hypertensive groups did not differ with respect to vasodilation with a 0.2 mM concentration of Pap (normotensive 94.9% (n=9) vs hypertensive 98.1% (n=6), p=0.40). There were no significant differences in the baseline arteriolar diameter between hypertensive subjects and normotensive controls (80.5±25 vs 78.8±42 µm, p=0.92). Endothelium-dependent vasodilation to a maximum dose of Ach (10 -5 M) was significantly decreased in those with hypertension compared to the normotensive group (41.9±16.0% (n=6) vs 65.9 ± 18.8% (n=9), p=0.02). This difference remained significant following age adjustment (p=0.02). Comparing dose-response curves to Ach, 1 hour of exposure to spironolactone reversed arteriolar endothelial dysfunction in hypertensive AA arterioles (p=0.01, Figure 3A ). Vasodilation to the peak dose of Ach (10 -5 M) was lower in hypertensive subjects compared to normotensive controls (41.9±16.0 vs 65.9±18.8%, p=0.02; p=0.01 following age-adjustment). Spironolactone exposure had no impact on vasodilation in vessels from normotensive subjects (p=0.77, Figure 3A) . In addition, we tested the Ach-mediated vasodilation of arterioles from five additional normotensive individuals with and without 1 hour of, or pre-incubation with, aldosterone. Normotensive AAs showed a decreased vasodilator response to all doses of Ach following exposure to aldosterone (p=0.02, Figure 3B ). Arteriolar G6PD activity and superoxide production. G6PD activity level in arterioles (log transformed) measured from a sub-group of subjects who underwent gluteal adipose pad biopsy was significantly lower for the hypertensive subjects compared to normotensive controls (0.66±0.68 (n=8) vs 1.33±0.68 log (nmol NADPH/min/ µg) (n=16), p=0.03, Figure 4 ). Spironolactone exposure significantly reduced superoxide production as measured by L-012 fluorescence (3.13±0.37 vs 2.73±0.24 log (RLU/ min/µg protein), p=0.03).
Aldosterone levels and associations with G6PD activity and microvascular function
For 10 of the 15 subjects (six hypertensive (none on medical therapy), four normotensive) with arteriolar vasodilatory measurements, matching supine and standing aldosterone levels were available for comparison. Vasodilation to peak dose Ach did not correlate with supine or standing aldosterone levels (r = -0.21, p=0.50; r = -0.19, p=0.54). DPAT did not correlate with either supine or standing aldosterone levels (r=0. 18, p=0.34; r=0.17, p=0.38) . The G6PD activity level did not correlate with either DPAT (r=0.16, p=0.44) or vasodilation to peak dose Ach (r=0.39, p=0.20).
Discussion
Several recent studies suggest increased blood pressure sensitivity to aldosterone along with a closer association between aldosterone and hypertension in AAs. 8, 9 Our study extends these findings by suggesting aldosterone may act to increase blood pressure by inducing endothelial dysfunction in human resistance vessels at physiological concentrations. In vivo and in vitro measures of microvascular endothelial function confirm impaired microvascular function in hypertensive AAs compared to normotensive AAs. Short-term (1 hour) aldosterone exposure at a physiological concentration impairs endothelium-dependent vasodilation in subcutaneous gluteal arterioles of normotensive AAs. Conversely, short-term mineralocorticoid receptor antagonism with spironolactone reverses endothelial dysfunction in arterioles from hypertensive AAs and reduces vascular oxidative stress. Finally, arteriolar G6PD activity is lower in hypertensive AAs compared to normotensive AA individuals, and spironolactone reduces superoxide production in human arterioles. Therefore, we demonstrate that impaired endothelial function could be a biologically plausible mechanism responsible for the positive correlation of aldosterone with blood pressure in AAs seen in prior work. 8, 9 The physiological connection between hypertension and endothelial dysfunction is well established. 26 Current data suggest a complex interplay between both entities leading to both pathological phenotypes. 14 AAs may have an increased susceptibility to endothelial dysfunction with more severe dysfunction in the face of equivalent hypertension, 14, 19 perhaps related to intrinsically lower NO bioavailability in part due to excessive oxidative stress from multiple sources including NADPH oxidase. 27 We further these findings by demonstrating that impairment of endothelial function in resistance arterioles from AAs may in part be due to increased sensitivity to physiological levels of aldosterone, and oxidative stress may be related to reduced G6PD activity. Our data also importantly translate prior work linking reduced G6PD activity to aldosterone exposure and endothelial dysfunction in cell culture and animals to human physiology. 21, 24 The lack of a difference in systemic G6PD activity between groups, despite differences at the vascular level, may reflect tissue-specific differences in regulation of G6PD abundance and activity.
Our data also show that mineralocorticoid receptor inhibition with spironolactone acutely reverses resistance vessel endothelial dysfunction in resistance arterioles from AAs with hypertension. We extend the growing body of literature describing the anti-hypertensive effects of mineralocorticoid receptor inhibition in AAs by supporting the concept that the effect may be in part secondary to inhibition of endothelium-based resistance vessel mineralocorticoid receptors. 8, 9, 28, 29 Given the rapidity of the improvement following exposure, the ameliorative effect of mineralocorticoid receptor inhibition on endothelial function in this study is most likely generated via inhibition of the non-genomic, pro-inflammatory and pro-oxidative stress effects of mineralocorticoid receptor activity. 30 Similarly, aldosterone's acute effects on human resistance arterioles are likely through non-genomic effects and could be via a combination of both mineralocorticoid receptor-dependent and independent responses. 13, 31, 32 Mineralocorticoid receptor activation could be enhanced in the hypertensive population by oxidative stress-related inhibition of 11 β-hydroxysteroid dehydrogenase 2 (11 β-HSDH-2). 33 Additionally, our data suggest that despite the wide-ranging systemic effects of aldosterone and mineralocorticoid inhibition on organs such as heart and kidney, the effects of aldosterone and mineralocorticoid receptor inhibitor on the vasculature in part mediate the overall anti-hypertensive effects of these exposures.
Our study has several limitations. We did not find correlations between systemic measurements of aldosterone and measurements of resistance vessel endothelial function. This may reflect a combination of a relatively small study population and/or differences between systemic and local vascular tissue concentrations of aldosterone that were not investigated in this study. We also only enrolled AA subjects in this study. As such, we cannot specifically comment on differences in microvascular responses to aldosterone and spironolactone between AAs and non-AAs with our data. Anti-hypertensive medications were withheld for only 1 week prior to the study, and other vasoactive medications were withheld for only 24 hours prior to the study. While prior studies have not shown a significant, acute impact on endothelial function of withholding these medications, 34 we recognize that anti-hypertensive medications may not have been fully washed out by the date of study for each subject. We did not control subject sodium intake in this study, which could have influenced our findings. However, given that free-living individuals in the US take in over twice the daily recommended dietary sodium, this is unlikely to confound the study results. 35 Lastly, the subjects included in the study were not genotyped for G6PD, nor were subjects asked if they had a family history of G6PD deficiency, and therefore we cannot strictly rule out these factors as possible confounders. Balanced against these limitations are the novel findings regarding the acute impact of physiological aldosterone exposure and mineralocorticoid inhibition on human arterioles in AAs, bolstering the concept that mineralocorticoid inhibition may have a biological foundation for superior efficacy in hypertension in AAs.
Conclusion
Resistance arterioles from AAs with hypertension exhibit endothelial dysfunction that appears in part related to sensitivity to aldosterone at physiological levels and mediated by mineralocorticoid receptor activation. This may account for reductions in G6PD activity in these resistance arterioles, contributing to vascular oxidative stress. Together with prior data, the current work suggests that the etiology of hypertension in AAs at least in part is related to sensitivity to aldosterone, even at physiological levels. These data support further translational work to determine whether mineralocorticoid blockade may offer superior efficacy relative to current anti-hypertensive regimens recommended for AAs with hypertension.
